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Using 3:08  106 2S decays observed in e e collisions by the CLEO detector, we present the
results of a study of the 2S decaying into baryon-antibaryon final states. We report the most precise
measurements of the following eight modes: pp, ,   (first observation), 0 0 ,   , and
0 0 (first observation), and place upper limits for the modes 15300 15300 and   .
DOI: 10.1103/PhysRevD.72.051108

PACS numbers: 13.25.Gv, 13.60.Rj, 14.20.Jn

The study of 2S production in e e and its subsequent decay into two hadrons provides a test of the predictive power of QCD [1], including information on gluon

1550-7998= 2005=72(5)=051108(6)$23.00

spin, quark distribution amplitudes in baryon-antibaryon
pairs, and total hadron helicity conservation. The decays
are predicted to proceed via the annihilation of the con-
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stituent cc into three gluons or a virtual photon. This model
leads to the prediction that the ratio of the branching
fraction into a specific final state to the branching fraction
of the J= into that same state should be a constant value
of approximately 13%, the corresponding ratio for the
dilepton final state [2]. This rule, which was previously
referred to as the ‘‘12% rule,’’ is roughly obeyed for several
channels, but fails for others [3]. This paper concentrates
on the investigation of the two-body decays of the 2S
into a baryon-antibaryon pair. Previous measurements [4]
of the 2S decaying into these final states have very large
statistical uncertainties. The CLEO [5] detector, with the
advantage of good charged and neutral particle detection
efficiencies, together with secondary and tertiary vertex
reconstruction, gives us the opportunity to make the most
precise measurements yet of these branching fractions.
The data used in this analysis were collected at the
CESR e e storage ring, which has been reconfigured to
run near cc threshold by insertion of 6 wiggler magnets [5].
Our analysis is based on 3:08  106 2S decays, which
corresponds to a total integrated luminosity of 5:63 pb1 .
Approximately half of the 2S data (2:74 pb1 ) were
taken with the CLEO III detector configuration [6]. The
remainder (2:89 pb1 ) of thep 2S data and all of the
continuum data (20:70 pb1 , s  3:67 GeV) were taken
with the reconfigured CLEO-c detector [5]. We generated
10 000 Monte Carlo events using simulations of each of the
two detector configurations for each of the eight decay
modes, using a GEANT-based [7] detector modeling program. For all modes we generated Monte Carlo samples
with a flat distribution in cos, where  is the angle of the
decay products in the center-of-mass system (in colliding
beam experiments this angle is measured relative to the
beam axis). For spin 1=2 baryons in the baryon octet, we
then weighted the Monte Carlo samples with a 1  cos2 
angular distribution, in agreement with the naive expectation. Possible deviations from these angular distributions
will be one source of systematic uncertainty in our
measurements.
We begin by reconstructing the hyperons in the following decay modes (branching fractions [4] are listed in
parentheses):  ! p (63.9%),  ! p0 (51.6%),
0 !  (100.0%),  !  (99.9%), 0 ! 0
(99.5%), 15300 !   (66.7%),1, and  !
K  (67.8%).
To optimize the discrimination between p, K,  and e,
we combined the particle identification information obtained from the specific ionization (dE/dx) in the drift
chamber with that obtained from the RICH detector [6]
to form a joint 2 function. For dE=dx, we form the
quantity Si [6] (i  p; K; ; e)
Si  dE=dxmeas  dE=dxexp =i ;
1

(1)

There is no branching-fraction measurement to the  
final state in the PDG.

where i is the dE/dx resolution for particle i. The information from the RICH is given in the form of a likelihood
function, 2 log L [6]. The joint 2 function is :
2 i  j  2 log Li  2 log Lj  S2i  S2j :

(2)

The more negative 2 , the higher the likelihood the
particle is of type i compared to type j. Further details of
this procedure may be found elsewhere [8]. Our requirement on these quantities varies in value from mode to mode
depending upon background considerations. For protons in
the pp and 0 decay modes we require 2 p   < 9
and 2 p  K < 9 (3 separation), and for those in
the pp mode we require additional criteria 2 p  e <
9 as, in this case alone, electrons are a potentially significant background. For protons that are the daughters of
 decays we make the looser requirements of 2 p 
 < 0 and 2 p  K < 0, which are both very efficient. Kaons from  decays are strongly identified with
2 K   < 9 and 2 K  p < 9. Pions are only
required to have energy loss measurements consistent with
the pion identity. Photon candidates were identified in the
CsI calorimeter.
All hyperon candidates were required to have vertices
significantly separated from the beamspot. The flight distance of the  measured from the parent (0 ,  , or  )
decay vertex was required to be positive.
The  sample is selected by vertex constraining two
oppositely charged tracks. The protons from the  decays,
which have the higher momentum of the two daughters, are
required to be consistent with a proton hypothesis as
mentioned in the previous paragraph. Background is further rejected by requiring the flight distance of the  to be
greater than 2 cm. We observed 48  103  candidate
events in the 2S data as shown in Fig. 1(a) and the
measured width () found to be 1:53 MeV=c2 , consistent
with Monte Carlo estimates. The  candidates within 3
standard deviations of the nominal PDG [4] mass
(1115:68 MeV=c2 ) are then kinematically constrained to
this mass and are used in other hyperon reconstruction.
The  sample is reconstructed by combining already
found  with 0 candidates.  hyperon reconstruction is
complicated by the fact that there is no direction information from the CsI photon clusters for the 0 reconstruction.
A kinematic fit is made to the hypothesis that the parent
hyperon started at the beamspot, and decayed after a
positive path length to a decay vertex which is the origin
of the 0 !  decay. A cut was placed on the 2 of the fit
to this topology, which includes the fit to the 0 mass from
the newly found hyperon decay vertex. 0 hyperons are
reconstructed by combining a  with a photon and requiring the photon energy in the crystal calorimeter to be in
excess of 50 MeV, not matched to a charged track, and
consistent in shape to that from a photon. The measured
yields (widths) in Fig. 1(b) and 1(c) for  and 0 candi-
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FIG. 1. Inclusive hyperon invariant mass distribution in 2S
data: (a)  ! p , (b)  ! p0 , (c) 0 ! ,
(d)  !  , (e) 0 ! 0 , (f) 15300 !   ,
(g)  ! K  .

dates are approximately 3  103 (4:0 MeV=c2 ) and 1 
103 (4:7 MeV=c2 ), respectively.
A good  candidate is combined with an appropriately
charged track to form the  candidate. The  decay
vertex is required to be at a greater distance from the
beamspot than the  decay vertex. The  candidates
are also required to have a flight distance of 2 mm or more
before decaying. The 0 reconstruction follows the steps
of the  reconstruction. Invariant mass distributions for
the  and 0 are shown in Fig. 1(d) and 1(e), respectively. The yields (widths) are measured to be approxi-

mately 2:7  103 (2:4 MeV=c2 ) and 1:2  103
(3:6 MeV=c2 ) for the  and 0 candidates, respectively.
The 15300 candidate is reconstructed by vertex fitting a positively charged pion candidate, consistent with
coming from the beamspot, with the already found  .
The  reconstruction follows the steps of the  reconstruction by replacing a pion by a kaon. The measured
yields in Fig. 1(f) and 1(g) are 115 (4:69 MeV=c2 ) and 47
(2:69 MeV=c2 ) events (width) for the 15300 and 
spin 3=2 baryons.
In Fig. 1 we show the inclusive hyperon yields in the
2S data with the 3 signal mass region. Hyperon candidates within the 3 mass band are considered for further
analysis. We then combine the 4-momenta of these baryons
with the corresponding 4-momenta of their charge conjugates and form 2S candidates. Other visible structures
outside the mass band do not affect the final analysis.
Baryon-antibaryon pairs produced by 2S decays have
a back-to-back topology, and each decaying baryon has
exactly the beam energy. Momentum conservation is imposed on the reconstructed baryon-antibaryon pairs by
demanding the vector sum of the total momentum in an
~
event jpj=E
beam be less than 0.04. This eliminates background, via J= or cJ (J  0,1, and 2), which have
extra tracks or showers.
For each baryon-antibaryon candidate
p event, we calculate the scaled visible energy, Evis
=
p s, where Evis is the
energy observed in an event and s is the center-of-mass
energy.
p We define our signal region to be 0:98 <
Evis = s < 1:02, and two sideband regions of 0.94– 0.98
and 1.02 –1.06 as representative of the combinatorial
background.
We also studied the continuum data to check for a
possible contribution to our 2S signals from this source.
This is found to be non-negligible for four of the decay
modes as shown in Table I. We multiplied the yield from

TABLE I. Branching ratios of 2S decaying to baryon-antibaryon pairs. The second, third, fourth, and fifth columns show the
yields in the signal region, scaled sidebands, scaled continuum, and cross-feeds, respectively. The sixth and seventh columns tabulate
the efficiencies and the measured branching fractions, respectively. We used Poisson statistics in evaluating the upper limits on the
15300 15300 and   branching fractions at the 90% C.L. The eighth column shows the ratio of 2S to J= decays with
statistical and systematic uncertainties added in quadrature. The last column shows the background subtracted continuum cross-section
and the systematic error includes 7% due to initial and final state radiation effects and 1% luminosity uncertainty (replacing the
uncertainty on the number of 2S decays).
Modes
pp

 
0 0
 
0 0
15300 15300
 
a

S

2S

557
208
35
58
63
19
2
4

B

2S

0.5
4.5
0.5
0
0
0
0
0

fS  Bc Bxf
4.06
0.86
0
0
0.46
0.49
0
0

B104 



0
66.6%
0
20.1%
0.3 4.1%
0
7.2%
0
8.6%
0
2.4%
0.6 0.6%
0
1.9%

2:87  0:12  0:15
3:28  0:23  0:25
2:57  0:44  0:68
2:63  0:35  0:21
2:38  0:30  0:21
2:75  0:64  0:61
0:721:48
0:62  0:10(<3:2 90% CL)
0:700:55
0:33  0:10(<1:6 90% CL)

Q(%)

cont pb

13:6  1:1
1:5  0:37  0:13
25:2  3:5
<2:0 90% CL


20:7  4:2

26:4  7:2 a
<3:5 90% CL
30:6  12:0
<14 90% CL





BrJ= !    0 0   1:8  0:4  103 , assuming BrJ= !     BrJ= ! 0 0   0:9  0:2  103

051108-3

RAPID COMMUNICATIONS

T. K. PEDLAR et al.

PHYSICAL REVIEW D 72, 051108 (2005)
0990405-002

Number of Events / 0.002

102
(a) pp
101
1
10 1
101
+ +
(c)
1

(b)

(d)

0

0

0

0

10 1
101 (e)
1

(f)

10 1
10 2

*0 *0
1 (g)

10 1
10 2
0.94

0.98

(h)

1.02
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FIG. 2. Scaled energy (Evis = s) distribution for eight 2S
decay modes: (a) pp, (b) , (c)   , (d) 0 0 , (e)   ,
(f) 0 0 , (g) 0 0 , and (h)   . Signal Monte Carlo, data,
and scaled continuum plots are shown in solid line, error bar, and
filled histograms, respectively.

the continuum data by a scaling factor which is calculated
taking into account the differences in luminosity (0.2720),
a 1=s5 correction (0.9572) for baryons [1], and the values
of the efficiencies in the CLEO III and CLEO-c detector
configurations before subtracting it from the 2S yields.
This scaling factor is 0.2547 for the pp case and similar for
the other modes.
Other possible background sources are the daughters
from the J= decay combined with the charged or neutral
transition pions which can produce possible cross-feed in
the signal region. To estimate this cross-feed we generated
corresponding Monte Carlo samples of 20 000 events and
looked for events which passed our selection criteria for
the modes concerned.

TABLE II.
quadrature.

Figure 2 shows the scaled energy distribution for each of
the decay modes. In all cases, clear signals are seen, with
widths as expected from Monte Carlo simulation, and very
little combinatorial background in the sideband regions. In
each mode we calculate the number of 2S decays to
each final state (‘‘signal yield’’) NS  S 2S  B 2S 
Bxf  fs  Bc (where S 2S is the total number of events in
the signal region, B 2S events in the scaled sidebands, Bxf
is the contribution from the cross-feeds, and fs  Bc is the
scaled continuum contribution with scaled sidebands subtracted). These yields are shown in Table I. The efficiencies, calculated using a weighted average of results from
CLEO III and CLEO-c detector simulations, are also
shown.
We evaluated the following systematic uncertainties to
our measured branching fractions: 3% uncertainty on the
number of 2S decays in our sample; 1% uncertainty in
the simulation of our hardware trigger; 1% uncertainty in
the reconstruction in each charged track in the event; 1%
uncertainty for proton identification of tracks coming from
the beamspot, and 2% for proton and kaon identification of
tracks coming from the secondary vertices; 1% and 2%
uncertainties for photon detection and 0 reconstruction,
respectively; and 1% for background subtraction in 
mode. The detection efficiency also depends upon the
angular distribution of the hyperons. We find a 10% change
in efficiency when we change from a flat distribution in
cos to one of the form 1  cos2  (where   1). The
value of  may not be strictly 1 because of effects due to
finite charm quark mass [9] and hadron mass effect from
Ov2  and higher twist corrections to the effective QCD
Lagrangian. We compare the detection efficiencies for spin
one-half baryon generated samples as discussed above with
that obtained by the E835 collaboration [10] and assign the
difference, 3.3%, as the systematic uncertainty. We assign a
10% uncertainty in angular distribution to spin 3=2 baryons, which covers all reasonable possibilities. The systematic uncertainty in the hyperon efficiency was estimated
from a comparison of the efficiency of the various requirements in a data and Monte Carlo sample. This is largest for
the  and 0 modes where the agreement is less satis-

Breakdown of systematic uncertainty mode by mode. The last column tabulates the total systematic uncertainty added in

Modes
pp

 
0 0
 
0 0
15300 15300
 

# 2S

Bkg. Sub.

Trigger

Tracking

Particle ID

Hyperon

0 =

Ang. Dist.

Total

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03


0.01







0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

2  0:01
4  0:01
2  0:01
4  0:01
66  0:01
4  0:01
8  0:01
6  0:01

2  0:01
2  0:02
2  0:02
2  0:02
2  0:02
2  0:02
2  0:02
2  0:02  2  0:02


2  0:010
2  0:128
2  0:015
2  0:015
2  0:105
2  0:020
2  0:020



2  0:02
2  0:01





0.033
0.033
0.033
0.033
0.033
0.033
0.100
0.100

0.042
0.077
0.265
0.081
0.09
0.222
0.144
0.150
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factory. In all modes the uncertainty in the reconstruction is
doubled as there are two hyperons per event.
Table II displays the breakdown of our systematic uncertainties. The last column tabulates the total systematic
uncertainty added in quadrature for each mode.
In Table I, we show the measured branching fractions of
3686 decays to baryon-antibaryon modes. The branching fractions for octet baryons are in the range of 0.02%–
0.035%. Our measured branching fractions for hyperon
modes are higher than earlier measurements [4] which
are based on lower statistics (12 and 8 events in the 
and 0 modes, respectively). We note that isospin partners,
 and 0 and also  and 0 , have similar branching
ratios in agreement with naive expectations. Furthermore,
we note that addition of strangeness does not greatly
change the branching fraction, demonstrating the flavor
symmetric nature of gluons. The eighth column in
Table I shows the ratio of these 2S results to those
from J= measurements [4]. One of the result follows
the 12% rule closely, but others differ by approximately a
factor of 2. The last column in Table I shows the p
back
ground subtracted continuum cross-section at
s
3:67 GeV. We quote upper limits at the 90% C.L. for the
,   , and 0 0 production in continuum, owing to
marginal signal. A 20% correction (upward) is included to
account for the initial state radiation [11].
In Fig. 3(a), we show the phase-space corrected reduced
p
branching fractions [jMi j2  B 2S ! Bi Bi =p = s,
where p is the momentum of the baryon in the 2S restframe] from 2S decaying to baryon-antibaryon modes;
the values are consistent for all the baryons we have
studied. In the realm of flavor-SU(3) symmetry, the reduced branching fraction to any baryon octet pair should be
the same. Deviation from this rule could indicate a non-cc
component of the charmonium wave function. The octet
baryons show a flat distribution consistent with the flavorSU(3) symmetry expectations. A comparison to the perturbative QCD predictions of Boltz and Kroll [12] is shown

FIG. 3. (a) p
Reduced
branching fractions jMi j2 for B 2S !

2S ! baryon-antibaryon decays.
Bi Bi =p = s for
(b) Comparison of B 2S ! Bi Bi  to Boltz and Kroll’s predictions from perturbative QCD. Horizontal line is exp =qcd 
1:0.
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